DNA gyrase is an essential type II topoisomerase found in bacteria. We have previously characterized DNA gyrase from Mycobacterium tuberculosis and Mycobacterium smegmatis. In this study, several monoclonal antibodies were generated against the gyrase A subunit (GyrA) of M. smegmatis. Three, MsGyrA:C3, MsGyrA:H11 and MsGyrA:E9, were further analyzed for their interaction with the enzyme. The monoclonal antibodies showed high degree of crossreactivity with both fast-growing and slow-growing mycobacteria. In contrast, none recognized Escherichia coli GyrA. All the three monoclonal antibodies were of IgG 1 isotype falling into two distinct types with respect to epitope recognition and interaction with the enzyme. MsGyrA:C3
The topological state of DNA plays an important role in biological activity and is maintained by a group of enzymes called topoisomerases [1, 2] . These enzymes change the topology of DNA by passing one segment through another. The type I enzymes catalyze DNA-strand passage by transiently breaking one strand at a time and type II enzymes create transient breaks in both strands of a DNA segment for the enzyme-mediated passage of the second segment [1±3] . Type II topoisomerases are essential cellular enzymes that function in the segregation of newly replicated chromosome pairs, chromosome condensation and in altering DNA superhelicity [4] . DNA gyrase is a type II topoisomerase exclusively found in prokaryotes. It is the only enzyme that can introduce negative supercoiling, in a reaction that depends on ATP hydrolysis. The enzyme also catalyzes a number of other topological interconversions such as knotting±unknotting and catenation±decatenation [3] .
DNA gyrase from Escherichia coli is composed of two subunits, A (GyrA) and B (GyrB). The active enzyme is a tetramer of two subunits each of GyrA and GyrB [5, 6] . The GyrA subunit has the active site for DNA binding, cleavage and resealing, whereas GyrB powers the reaction by catalyzing ATP hydrolysis [7] . DNA gyrase is the target of two distinct classes of inhibitors, coumarins and quinolones. Coumarins bind to GyrB and are competitive inhibitors with respect to ATP. In contrast, quinolones bind DNA gyrase when the enzyme is complexed with DNA and trap the enzyme in an abortive ternary complex [8] .
Of the 50 species in the genus mycobacterium, about 20 are of medical importance. Apart from well-known human mycobacterial pathogens, such as Mycobacterium tuberculosis and Mycobacterium leprae, which cause tuberculosis and leprosy, other mycobacteria such as Mycobacterium avium, Mycobacterium kansasii, Mycobacterium chelonae and Mycobacterium fortuitum can cause opportunistic infections in immunocompromised hosts [9] . The emergence of multidrug-resistant strains of M. tuberculosis has resulted in the urgent need for new drugs to combat M. tuberculosis infections [10] . To address the role of DNA gyrase in mycobacteria and with a view to develop it as a suitable molecular target for antimycobacterials, we have initiated studies on the molecular characterization of DNA gyrase from Mycobacterium smegmatis [11] and M. tuberculosis [12] .
Monoclonal antibodies (mAbs) have become powerful tools in biology due to the specificity of interaction with their target molecules leading to a variety of applications. They are routinely used in diagnostics, structure±function analyses and as reagents to study protein±protein interactions. For example, Nemoto and coworkers have used a panel of anti-HSP90 mAbs to describe domain structures and immunogenic regions of heat shock protein, HSP90 [13] . The regions of interaction of UvrB helicase with various other components of the nucleotide excision repair pathway were dissected using UvrB-specific mAbs [14] . A more recent application is the identification of peptide inhibitors for potential antigens using a mAb approach. Tournaire et al. [15] have identified a peptide that blocks vascular endothelial growth factor (VEGF)-mediated angiogenesis, using an anti-VEGF mAb. In this study, we report the generation of a panel of M. smegmatis GyrA-specific mAbs and their interaction with mycobacterial DNA gyrase.
M A T E R I A L S A N D M E T H O D S
Bacterial strains and materials M. smegmatis SN2 and E. coli DH10B were laboratory strains. M. tuberculosis H37Rv was obtained from the National Tuberculosis Institute, Bangalore, India. M. avium, Mycobacterium bovis, M. kansasii, M. fortuitim, Mycobacterium gilvum, Mycobacterium phlei and Mycobacterium voccae were provided by V.M. Katoch, Central JALMA Institute for Leprosy, Agra, India. M. leprae cell lysate was a kind gift from P.J. Brennan, Colorado State University, CO, USA. All mycobacterial species were grown in modified Youmans and Karlson's medium with 0.2% Tween 80 at 37 8C [16] and cell-free extracts were prepared as described earlier [17] . Protein was estimated by the method of Bradford [18] . Enzyme-conjugated anti-mouse and antirabbit Ig and the enhanced chemiluminescence Kit were from Amersham Pharmacia Biotech, UK. Iscove's Modified Dulbecco's Medium, adjuvants and fetal bovine serum were from Gibco Life Technologies (Gaithersburg, MD, USA).
Construction of plasmids with truncated GyrA
A list of plasmids used in this study is presented in Table 1 . To generate pGyrA:81±938 (a clone representing residues 81±938) of M. tuberculosis GyrA, plasmid pMN6R [12] ( Table 1) was digested with AseI and end filled with the Klenow fragment of DNA polymerase I, followed by NcoI digestion. The released 850-bp fragment was ligated into NcoI-and SmaI-digested pTrc99C. The rest of the gyrA deletion clones shown in Table 1 were constructed using plasmid pMK17 which encodes full-length GyrA from M. tuberculosis [17] . Plasmid pMK17 was digested with Sal I and the 5.3-kb fragment was re-ligated to obtain the pGyrA:1±351/767±938 deletion construct (a GyrA clone with 352±766 amino-acid residues deleted). For pGyrA:1± 90/415±938 generation (N-terminal deletion of GyrA from 91 to 414 amino-acid residues), plasmid pMK17 was digested with MluI and end filled with the Klenow fragment of DNA polymerase I, followed by EcoRV digestion. The 5.5-kb fragment containing a part of GyrA was re-ligated and used for overexpression. To generate the clone encoding 70 amino acids between 344 and 415, oligonucleotide primers for PCR amplification were designed with Sal I restriction site (forward primer: CTAGCCATGGTC-GACGGGGTG and reverse primer: TCTTTAGTCGAC-GGTCTCCGACGC). The PCR product obtained with the pMK17 template was digested with Sal I restriction endonuclease and cloned into pGEX-5X-3 digested with Sal I to obtain pGST-GyrA:351±415 plasmid. The cloned DNA fragment was sequenced by the chain termination method using reverse primer.
Expression and purification of proteins
GyrA of M. tuberculosis was overexpressed in BL21(DE3)-pLysS cells harboring pMK17 [17] . Overexpressed protein was purified by electroelution from preparative SDS/PAGE and antiserum was raised in rabbits as described earlier [17] . For the purification of M. smegmatis GyrA, E. coli strain BL21(DE3)pLysS harboring the plasmid pMK26 (MsGyrA) [11] was grown in Luria-Bertani broth at 37 8C. At an A 600 of 0.6, the cells were induced with 500 mm isopropyl thio-b-d-galactoside (IPTG) for 3 h at 18 8C. Cells were collected by centrifugation, resuspended in sonication buffer (20 mm Tris pH 8.0, 1 mm EDTA, 10% glycerol, 5 mm 2-mercaptoethanol, 1 mm phenylmethanesulfonyl fluoride, 1 mm benzamidine HCl and 1% Triton X-100) and lyzed by sonication. The cell lysate was centrifuged at 100 000 g to obtain the cell-free extract, which was treated with ammonium sulfate to obtain a 30±55% pellet fraction. The pellet was solubilized in 50 mm TrisHCl pH 7.6, 10% glycerol, 2 mm EDTA and 2 mm 2-mercaptoethanol (TGEM buffer) and subjected to purification on MonoQ and heparin-Sepharose columns using an NaCl gradient elution; the GyrA protein eluted at 300± 400 mm NaCl. E. coli GyrA was purified from DH10B cells harboring pPH3 [19] plasmid containing the E. coli gyrA gene, as described by Maxwell and Howells [20] .
Purification of DNA gyrase from M. smegmatis SN2
DNA gyrase from M. smegmatis was purified by novobiocinSepharose column, as described [21] with the following modifications. During purification, TGEM buffer was used and the purified protein fractions were stored in TGEM buffer with 20% glycerol.
Generation of mAbs against GyrA
Balb/c mice were immunized intradermally with 100 mg of M. smegmatis GyrA and boosted three times with 50 mg of M. smegmatis GyrA in Freund's incomplete adjuvant at intervals of one month. Four days prior to fusion, the mice were administered 25 mg of antigen intraperitoneally. Cell fusion was performed with the myeloma cell line Sp2/O Ag-14 [22] as previously described [23] . Wells containing hybrid clones were screened for the presence of GyrAspecific antibodies 15 days after fusion by ELISA [24] , using M. smegmatis GyrA (2 mg´mL 21 ) coated on ELISA plates (Nunc) in 10 mm sodium phosphate, pH 7.2, containing 0.9% NaCl. Plates were blocked with BSA (0.4%) in NaCl/P i . Antibody-secreting clones were subcloned and monoclonality was established for eight clones by limiting dilution. Three antibody-secreting clones MsGyrA:C3, MsGyrA:H11 and MsGyrA:E9 were further characterized. Ascitic fluid was prepared by intraperitoneal injection of 1 Â 10 6 hybridoma cells into Balb/c mice. Immunoglobulins were purified from ascitic fluid using protein A-Sepharose affinity column chromatography [25] . To study the effect of mAbs on supercoiling activity, mAbs were dialyzed against 35 mm Tris/HCl, pH 7.4, 50 mm KCl in 10% glycerol. The Ig isotyping was carried out using a kit from Sigma according to the manufacturer's instructions and three mAbs were isotyped as IgG 1 .
Fab fragments of the IgG were prepared by digestion of the purified IgG by papain as described earlier [26] , purified by protein A-Sepharose affinity column and analyzed by Superdex-200 column chromatography. For Western blot analysis, proteins were resolved on an 8% SDS/PAGE [27] . Proteins were transferred to polyvinylidine difluoride membrane in transfer buffer (50 mm Tris/glycine buffer, pH 8.5, containing 20% methanol) for 3 h at 200 mA. The membrane was blocked with NaCl/P i containing 2% BSA and probed with either polyclonal or monoclonal antibodies. Bound IgG was detected using sheep anti-(mouse IgG) Ig or donkey anti-(rabbit IgG) Ig conjugated to horseradish peroxidase and enhanced chemiluminescence reagents (Amersham-Pharmacia Biotech).
Immunoprecipitations DNA gyrase (5 mg) was preincubated with 100 nm of mAbs (MsGyrA:C3 or MsGyrA:H11) or 1 mm of MsGyrA:E9 or normal mouse Ig in 35 mm Tris/HCl pH 7.6, 2 mm MgCl 2 , 100 mm potassium glutamate, 0.14 mm EDTA, 1.8 mm spermidine HCl, 6.5% glycerol, 5 mm dithiothreitol, 9 mg´mL 21 yeast tRNA, 50 mg´mL 21 BSA, 1.4 mm ATP (KGB buffer) at 4 8C for 2 h. The immunocomplex was precipitated by adding 10 mL of protein G-agarose and centrifuging at 20 000 g for 2 min at 4 8C. The supernatants from immunoprecipitation reactions were assayed for supercoiling activity, and after extensive washing, the pellets were subjected to Western blotting, as described earlier. For immunoprecipitations with MsGyrA:E9 under denaturing conditions, DNA gyrase was treated with 1% SDS in immunoprecipitation buffer (50 mm Tris-HCl pH 7.4, 1 mm EDTA, 5 mm 2-mercaptoethanol, 50 mm NaCl, 1% Nonidet P-40 and 5% glycerol) for 2 h at 4 8C. 100 mg´mL 21 MsGyrA:E9 was added, the immunoprecipitates were washed and Western blotting was performed with GyrA polyclonal antibodies as described earlier.
DNA gyrase supercoiling assay
Relaxed DNA was prepared by treating supercoiled pUC18 DNA with purified E. coli topoisomerase I [28] . The supercoiling reaction with M. smegmatis DNA gyrase was performed as described earlier [11] , with some modifications. The reaction was carried out in potassium glutamate buffer (KGB) in a 20-mL reaction volume with 200 ng of relaxed DNA. Potassium glutamate was necessary for the optimal activity of the enzyme. After 30 min of incubation at 37 8C, the reaction was stopped by adding 4 mL of stop buffer (0.6% SDS, 0.2% bromophenol blue, 0.2% xylene cyanol FF) and heat inactivation at 75 8C for 15 min. The samples were electrophoresed in a 1.2% agarose gel for 10±12 h at 25 V. The gel was stained with ethidium bromide (0.5 mg´mL
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). The supercoiling assays with E. coli gyrase were carried out as described by Mizuuchi et al. [29] .
R E S U L T S
Generation and characterization of monoclonal antibodies to DNA GyrA A panel of eight mAbs against M. smegmatis GyrA was obtained. When tested on ELISA with purified M. tuberculosis and E. coli GyrA, all cross-reacted with M. tuberculosis GyrA to a similar extent but none recognized E. coli GyrA. Western blot analysis using the three mAbs MsGyrA:C3, MsGyrA:H11 and MsGyrA:E9 was performed with purified proteins and cell lysates prepared from M. smegmatis SN2, M. tuberculosis H37Rv and E. coli DH10B. The antibodies recognized purified recombinant mycobacterial GyrA subunits and GyrA from whole cellfree extracts, but not from E. coli (Fig. 1B and C) . Recombinant and wild-type GyrA from both M. tuberculosis and M. smegmatis show proteolytic degradation to a protein fragment of 78 kDa, which was also recognized by the mAbs. Preliminary studies employing surface plasmon resonance spectroscopy indicated that mAbs interact with GyrA with high affinity (data not shown).
Sequence alignment of M. smegmatis GyrA (X84077 [11] ), with other known mycobacterial DNA GyrA subunits (M. tuberculosis, L27512 [30] and M. leprae, Q57532 [31] ) indicates approximately 90% sequence identity at the amino-acid level [17] . To study the cross-reactivity of the mAbs with gyrases from other mycobacterial species, crude cell lysates were prepared and analyzed by Western blotting. All the three mAbs recognized GyrA from both fast-growing and slow-growing mycobacterial species
The GyrA subunits of all the species tested have very similar sizes (Fig. 2) . Although M. leprae GyrA has been shown to contain an intein [31] , in our Western blot analysis, only the mature GyrA with a comparable size to that of other mycobacterial species was detected.
Interaction of mAbs with DNA gyrase in its native conformation
As the mAbs were generated against the GyrA subunit alone, and the functional holoenzyme comprises A and B subunits [5, 6, 32] , we studied the interaction of the mAbs with preparations of the holoenzyme from M. smegmatis. DNA gyrase from M. smegmatis was treated with the various mAbs, and antibody-bound enzyme was immunoprecipitated with protein G-agarose. Both MsGyrA:C3 and MsGyrA:H11 could immunoprecipitate the gyrase activity but gyrase activity was detected in the supernatant of the immunoprecipitate formed with MsGyrA:E9 (Fig. 3A) , indicating that MsGyrA:E9 could not interact with the holoenzyme. Analysis of the presence of enzyme in the immunoprecipitates and supernatants by Western blot analysis confirmed these observations (Fig. 3B) . These results suggested that the epitope for MsGyrA:E9 was masked in the holoenzyme, either by the natural folding of the GyrA subunit or by its interaction with the GyrB subunit. Indeed, denaturation of the enzyme using SDS allowed immunoprecipitation of the enzyme by MsGyrA:E9 (Fig. 4) .
Epitope mapping of MsGyrA mAbs
The initial epitope analysis was performed using surface plasmon resonance spectroscopy, where binding analysis of mAbs was performed on M. smegmatis GyrA immobilized on the biosensor CM5 surface (data not shown). The results indicated that binding of MsGyrA:C3 and MsGyrA:H11 on GyrA was mutually exclusive, suggesting either an identical recognition site for the two mAbs or interaction with two regions in the enzyme that were very close to each other. However, MsGyrA:E9 showed a different pattern of binding indicating that its epitope is distinct from the other two mAbs (data not shown). To determine precise regions of GyrA±mAb interaction, Western blot analysis was performed with bacterial lysates prepared from cells expressing various fragments of the GyrA subunit. As shown in Fig. 5 , deletion of the first 80 amino acids allowed interaction of all the three mAbs. However, MsGyrA:E9 did not interact with GyrA:1±90/ 415±938, but recognized GyrA:1±351/767±938. Therefore we conclude that the epitope recognized by MsGyrA:E9 lies within a 261 amino-acid segment located between amino acids 90 and 351. MsGyrA:C3 and H11 did not recognize GyrA:1±90/415±938 or GyrA:1±351/767±938, indicating that the epitope for these two mAbs could be located between amino acids 351 and 415. However, when this 65 amino-acid stretch was expressed in E. coli in a fusion with glutathione S-transferase (Fig. 6) neither MsGyrA:C3 nor H11 recognized the fusion protein, implying that MsGyrA:C3 and MsGyrA:H11 recognize a conformation-specific epitope.
Effect of interaction of mAb with DNA gyrase on enzyme activity
To test whether interaction of the enzyme with the mAbs affected DNA gyrase supercoiling activity, M. smegmatis gyrase was preincubated with individual mAbs to allow the formation of the antigen±antibody complex. The mixture was then added to relaxed pUC18 DNA, in supercoiling reaction as detailed in Materials and methods. The results (Fig. 7) showed that both MsGyrA:C3 and MsGyrA:H11 inhibited the mycobacterial DNA gyrase supercoiling activity while MsGyrA:E9 showed no reduction in supercoiling activity. None of the mAbs affected the supercoiling activity of E. coli DNA gyrase. This is in agreement with ELISA and Western blotting results, which indicated the absence of cross-reactivity with the E. coli enzyme.
As whole IgG was used in these studies, it was possible that inhibition of gyrase activity resulted from steric effects caused by the Fc regions of these mAbs or by cross-linking of adjacent gyrase molecules. To address this possibility, Fab fragments of mAbs were prepared and tested to determine whether these monovalent fragments were also capable of inhibiting DNA gyrase supercoiling activity. As shown in Fig. 8 , Fab fragments of MsGyrA:C3 and MsGyrA:H11 also inhibited the supercoiling reaction. MsGyrA:C3 completely inhibited supercoiling activity at a concentration of 10 nm Fig. 7 . Inhibition of DNA supercoiling activity of mycobacterial DNA gyrase by mAbs. DNA gyrase was preincubated with 1 mm of mAb on ice for 30 min. The supercoiling reaction buffer containing 300 ng of relaxed DNA was added and the mixture was incubated for 30 min at 37 8C. The reactions were terminated by adding stop buffer and heat inactivation for 15 min at 75 8C. The reaction products were separated on 1.2% agarose gels and the gel was stained with ethidium bromide (0.5 mg´mL
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). R, relaxed pUC18 DNA; S, supercoiled pUC18 DNA. IgG and 50 nm Fab, whereas MsGyrA:H11, the affinity of which is slightly lower than MsGyrA:C3, inhibited supercoiling activity completely at a concentration of 50 nm IgG and 100 nm Fab (Fig. 8) .
D I S C U S S I O N
In this study, we describe the generation of mAbs to M. smegmatis GyrA that exhibit remarkable specificity for GyrA from different mycobacteria. The epitopes for these mAbs have been mapped to different regions of the protein.
Moreover two mAbs were shown to inhibit DNA supercoiling activity of the enzyme. The studies reported here are the first to describe the development and characterization of mAbs to mycobacterial DNA gyrase A subunit.
Sequence homology between DNA gyrase genes from diverse bacteria suggest that DNA gyrases from many bacteria share several structural and functional motifs that are involved in, for example, ATP binding and hydrolysis or DNA cleavage. [33] . However, the mAbs we have described here did not interact with E. coli gyrase, in spite of the fact that gyrase from E. coli and mycobacteria share several regions of extended sequence homology [34] . All recognized M. tuberculosis GyrA. Our earlier results had indicated that despite the 46.6% amino-acid identity of E. coli GyrA with mycobacterial GyrA, polyclonal antibodies raised to M. tuberculosis GyrA did not recognize the E. coli enzyme [17] . These results indicate that the major antigenic regions of mycobacterial gyrase reside outside the regions homologous in the E. coli enzyme.
Our results show that the mAbs have a relatively conservative pattern of cross-reactivity, and interaction was limited to GyrA from mycobacteria. The mAbs crossreacted well with both fast-growing and slow-growing mycobacteria, indicating that GyrA may be similar among different mycobacterial species with respect to size and immunogenicity of the protein (Fig. 2) . A noteworthy point is that these mAbs showed poor cross-reactivity with GyrA subunits from some other Gram-positive bacteria (data not shown), indicating their potential utility in the diagnosis of mycobacterial infections. Similar results have been obtained with polyclonal antibodies raised against M. tuberculosis GyrA subunit [17] .
Identification of an epitope is a first step towards the elucidation of the molecular mechanisms underlying antigen±antibody interaction. MsGyrA:E9 seems to interact with the N-terminal of GyrA that is likely to be masked in the native enzyme (Figs 3 and 4) . Our results suggest that the two inhibitory mAbs, MsGyrA:C3 and MsGyrA:H11 recognize conformation-dependent epitopes (Figs 5 and 6 ), comprising the structure surrounding amino-acid residues 351 and 415 of GyrA. By sequence alignment with E. coli GyrA, this stretch corresponds to amino-acid residues between 340 and 402 of E. coli GyrA. Based on the crystal structure of breakage-reunion domain of E. coli GyrA [35] , these residues form a long helix a14, which is a part of primary dimer interphase. The structure seems to be highly conserved even in yeast topoisomerase II [36] , as it forms the second gate for the passage of the T-segment of DNA during catalysis [35] . Thus, the mAb-interacting domain could be forming similar structure in the mycobacterial enzyme. However the differences in this region between the E. coli and mycobacterial enzymes could explain the specificity of the interaction of mAbs. Pairwise amino-acid comparison between E. coli and M. smegmatis in different regions of GyrA revealed a higher degree of differences in this region. Only 44% amino-acid identity was observed in this region compared with 65% identity in the DNA activesite region. A detailed study of the binding of MsGyrA:C3 and MsGyrA:H11 to this region would be required for the better understanding of the mechanistics of the supercoiling reaction performed by mycobacterial gyrase. As gyrase is both unique and essential to prokaryotes, it has received considerable attention as a molecular target for the generation of new lead molecules. Two major families of DNA gyrase inhibitors have been characterized, the quinolones, which work by interfering with the process of rejoining the double-strand breaks in DNA [3, 37] and the coumarins, which affect the ATPase activity of GyrB [38, 39] . Furthermore, cyclothialidine, a cyclic peptide, has been characterized to inhibit gyrase activity analogous to the coumarin class of inhibitors [40] . In addition, two proteinaceous poisons against gyrase, microcin B17 [41] and CcdB [42] , have been characterized. Two of the mAbs described here form a new class of inhibitors specific for mycobacterial DNA gyrase.
The DNA gyrase supercoiling activity was effectively inhibited by Fab fragments also. Hence it appears that inhibition is caused by direct interaction of the antigenbinding site of these mAbs with GyrA, rather than being a result of a steric effect caused by the Fc regions of the Ig, or by crosslinking of adjacent GyrA molecules. The inhibition of DNA supercoiling was also observed when the preformed gyrase±DNA complex was treated with the mAbs (data not shown), implying that these antibodies do not interfere with DNA binding. Based on the interaction pattern and inhibition of the enzyme activity, the mAbs could be grouped into two categories. MsGyrA:C3 and MsGyrA:H11, which interact in a conformation-specific manner and inhibit DNA gyrase supercoiling activity, while MsGyrA:E9 interacts towards the N-terminus of GyrA without affecting enzyme activity.
In summary, the present work highlights the importance of the development of DNA gyrase mAbs for a variety of purposes including issues concerning public health. As the GyrA-specific mAbs described here interact with GyrA from M. tuberculosis, M. bovis, M. leprae and M. avium, it opens the avenue to explore their potential value in the diagnosis of mycobacterial infections. It is clear that these mAbs would serve as invaluable tools to study the enzyme in detail to address the role of DNA gyrase in the biology of mycobacteria. In addition to providing information on the structure and function of DNA gyrase, these mAbs are useful for characterizing different complexes and interactions in which DNA gyrase is involved. A point of certain importance is that there is a potential to use the information to develop peptide inhibitors for DNA gyrase as a first step towards lead molecule discovery. The latter point attains considerable significance due to the alarming increase in drug-resistant tuberculosis in recent years.
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